[1] The dominant air mass types along coastal New England during summer 2004 were classified and their relationship to synoptic meteorological conditions investigated as a component of the International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) campaign. Representative air mass types were defined on the basis of variability in the occurrence of volatile organic compounds (VOCs), and they were further grouped into distinct source-related categories. Emissions from nearby anthropogenic sources were found to govern the total variance of the data set (58% at Appledore Island (AI) and 56% at Thompson Farm (TF)), whereas long-distance transport was much less dominant (15% on AI and 17% at TF). This result indicates frequent influence from recent anthropogenic emissions at TF and AI, with periodic inputs of aged/ processed pollutants. The fractional time periods dominated by anthropogenic (recent and aged/processed) and marine biogenic air masses were almost the same at TF and AI (36% versus 30% and 14% versus 16% respectively), clearly showing the strong impact of continental outflow on the nearshore marine atmosphere and a surprising persistent influence of marine biogenic emissions at an inland site. Empirical orthogonal function (EOF) analysis suggested that the most important circulation pattern during summer 2004
Introduction
[2] Rural areas in New England often experience high levels of air pollution as a result of transport of urban emissions to the region with additional in situ chemical production of ozone (O 3 ) and aerosols during transit [Goldan et al., 2004; Seaman and Michelson, 2000; Moody et al., 1996] . The occurrence of high pollution events in New England was found to be closely associated with meteorological conditions that favor long-range transport from the Midwest and northeast urban/industrial corridor [Ray et al., 1996] . In their high O 3 episode study, Mao and Talbot [2004] revealed that the O 3 -rich air masses from the greater Boston area contributed to the high levels of O 3 in the New Hampshire coastal region.
[3] During the New England Air Quality Study in 2002 (NEAQS 2002) , Griffin et al. [2004] found that high mixing ratios of O 3 in southeastern New Hampshire were most likely a result of processed O 3 -rich air masses transported from upwind source regions rather than local in situ chemical production. Zhou et al. [2005] demonstrated that the same area had a significant source of marine derived halocarbons, such as bromoform (CHBr 3 ) and dibromomethane (CH 2 Br 2 ), derived from the coastal Gulf of Maine.
[4] The composition and transport of North American outflow was investigated during the North Atlantic Regional Experiment in summers 1993 and 1997 . Merrill and Moody [1996 found that the warm sector flow ahead of an advancing cold front delivers urban plumes from the east coast of the United States to the Gulf of Maine and subsequently to the Maritime Provinces of Canada. Cooper et al. [2001] found that the highest carbon monoxide (CO) and total reactive nitrogen (NO y ) values in the middle and upper troposphere over the North Atlantic were associated with polluted outflow from New England lifted aloft by the warm conveyor belt.
[5] During a recent large-scale field campaign based in southeastern New Hampshire, the International Consortium for Atmospheric Research on Transport and Transformation (ICARTT, http://esrl.noaa.gov/csd/ICARTT), a key emphasis was examination of the chemical signature of North American outflow. For example, Russo [2005] observed a similar distribution of seven C 1 -C 5 alkyl nitrates at two eastern New England AIRMAP sites http://www.airmap. unh.edu) affected consecutively by outflow; one an inland location at Thompson Farm (TF) and the second a Gulf of Maine marine site on Appledore Island (AI). In general, the often higher levels of secondary pollutants at AI compared to TF are related to ongoing photochemical processing in continental outflow. In a study using O 3 measurements obtained from a Lagrangian balloon platform, Mao et al. [2006] found that O 3 mixing ratios in continental outflow over the North Atlantic ($150 ppbv) far exceeded the highest mixing ratios from inland sites in New England (<100 ppbv). Two primary factors appear responsible: (1) effective in situ chemical production inside urban plumes during daytime and (2) strong synoptic transport of O 3 and its precursors, particularly at night.
[6] Previous studies in the northeast have placed a strong emphasis on investigation of multiday episodes of high levels of several specific trace gases. Less attention has been focused on interpreting seasonal variations in a large suite of VOCs and their linkages to source emissions and attendant circulation patterns. In this study, we employed principal component analysis (PCA) to depict commonalities in representative VOCs and used empirical orthogonal function (EOF) to identify associated meteorological variables. The time period of interest spanned 2 July to 15 August 2005 ($45 days) during the central activities of the ICARTT campaign. The two major goals of this study were to (1) identify air mass types and their frequency at TF and AI and (2) determine the relationship between synoptic circulation patterns and air mass types that caused temporal variations in VOCs levels in eastern New England during summer 2004.
Measurements and Methods

Field Sites
[7] Measurements of VOCs in ambient air were made at AI and TF located in the coastal New Hampshire area as shown in Figure 1 [8] VOC measurements were conducted at Thompson Farm using an automated gas chromatographic system equipped with two flame ionization detectors and two electron capture detectors . During the ICARTT campaign, the system measured a comprehensive suite of C 2 -C 10 nonmethane hydrocarbons (NMHCs), C 1 -C 2 halocarbons and C 1 -C 5 alkyl nitrates. Air was drawn from a perfluoroalkoxy (PFA)-Teflon lined manifold at the top of a 12 m tower and subsamples were analyzed every 40 min. Further details regarding the Thompson Farm VOC system are described by Zhou et al. [2005] .
Canister Samples at Appledore Island
[9] Hourly canister samples were collected at AI from 1 July to 13 August 2004 for C 2 -C 10 NMHCs, C 1 -C 2 halocarbons, C 1 -C 5 alkyl nitrates and selected sulfur compounds. Canister samples were collected in 2-liter electropolished stainless steel canisters (University of California, Irvine) and pressurized to 35 psig using a single head metal bellows pump (MB-302MOD, Senior Flexonics, Sharon, Massachusetts). Every 4 days during the summer campaign, canister samples were returned to the laboratory for analysis by gas chromatography using flame ionization and electron capture detection in conjunction with mass spectrometry. Approximately 1032 samples were analyzed during the course of the campaign resulting in a continuous time series of a large suite of VOCs from Appledore Island. Further details of the analytical system are described by Sive et al. [2005] . A second PTR-MS was deployed at Appledore Island for VOC measurements from 1 July to 13 August 2004, during the ICARTT summer campaign. Both instruments were run with a drift tube pressure of 2 mbar and an electric field of 600V while continuously stepping through a series of 30 masses. Of the 30 masses monitored, 6 masses were used for diagnostic purposes while the other 24 masses corresponded to the VOCs of interest. The dwell time for each of the 24 masses was 20 s during the ICARTT campaign, yielding a total measurement cycle of $10 min. The systems were zeroed every 2.5 hours for 4 cycles by passing the flow through a catalytic converter (0.5% Pd on alumina at 450°C) to determine system background signals.
[11] Calibrations for the PTR-MS systems were conducted using three different high-pressure cylinders containing synthetic blends of selected NMHCs and OVOCs at the part per billion by volume (ppbv) level (Apel-Reimer Environmental, Inc.) . Each of the cylinders used in the calibrations has an absolute accuracy of < ±5% for all gases in each mix. Using volume dilution methods similar to those described by Apel et al. [1998] , the standards were diluted to atmospheric mixing ratios (ppbv to pptv levels) with whole air passed through the catalytic converter to scrub all VOCs and maintain the same humidity as the air being sampled. The calibrations were conducted regularly on both instruments to monitor their performance and to quantify the mixing ratios of target gases. Additionally, mixing ratios for each gas were calculated by using the normalized counts per second which were obtained by subtracting out the nonzero background signal for each compound.
Methodology
[12] In this study, PCA was performed on chemical data obtained at AI and TF during ICARTT. This technique has proved to be a robust method suitable for analyzing large atmospheric data sets [Buhr et al., 1995 Choi et al., 2003; Wang et al., 2003 ]. In their aerosol particle characteristics study, Saucy et al. [1991] used PCA to examine compositions and time-dependent concentrations of aerosol particles collected near Phoenix, Arizona. They found three major sources for the majority of the particle types observed. Swietlicki et al. [1996] applied PCA to study urban air pollutants in Lund, a small city in southern Scandinavia with light industry. They found that the long-range transported air pollutants make up a significant part of the fine fraction aerosol. The sources related to traffic were mainly local in character while the rest constituted a regional background. These studies illustrate how PCA may facilitate source attribution of various pollutants. In this study, the representative characteristics of air masses were defined through PCA based on the variability of unique tracers, which then allowed identification of the major sources impacting air quality in the region.
[13] Typical chemical species representing various sources were chosen as tracers for this study. The major emission sources, removal processes, and photochemical lifetimes of selected species are provided in Table 1 . This information is useful for identifying the origin and estimating the photochemical age of an air mass. Carbon monoxide (CO), several light alkanes and alkenes, and aromatics were chosen for their common source from combustion. Chloroiodomethane (CH 2 ClI), dibromomethane (CH 2 Br 2 ), bromoform (CHBr 3 ), carbonyl sulfide (OCS), methyl chloride [Mao et al., 2006; Jacob et al., 2005; Singh et al., 1994] . At TF, we also included four monoterpene species, a-pinene, b-pinene, campene, and limonene as additional indicators of biogenic sources. Propene (C 3 H 6 ) and ethene (C 2 H 4 ) are largely tracers of combustion with relatively short lifetimes (0.6 -2.2 days) under a summertime OH concentration of $1 Â 10 6 molecules cm -3
. High levels of these compounds indicate relatively fresh emissions from nearby sources. Toluene (C 7 H 8 , 3.6 days), benzene (C 6 H 6 , 19.3 days), ethyne (C 2 H 2 , 6.8 days), i-pentane (C 5 H 10 , 7.5 days), n-pentane (C 5 H 12 , 6.2 days), and n-butane (C 4 H 10 , 8.6 days) are also combustion-related tracers but have longer lifetimes. Benzene is a very good marker for automobile exhaust . In contrast, the alkyl nitrates, e.g., 2-propyl nitrate (2-PrONO 2 ), 1-propyl nitrate (1-PrONO 2 ), 2-butyl nitrate (2-BuONO 2 ), and 3-pentyl nitrate (3-PenONO 2 ), have lifetimes > 1 week, and consequently their abundance indicates aged air masses potentially transported over long distances.
[14] During the entire ICARTT study period, there were 333 and 305 coincident observations of the 29 selected variables at AI and TF respectively. The data were z-scored and log transformed prior to analysis to ensure that all variables were weighted equally. Standard varimax eigenvector rotation was performed to generate an optimized distribution spread across the factor matrix, while the key eigen properties remained unaffected. Eigenvalues and factor loadings were computed, and the leading factors (i.e., air mass types) and relevant species identified by the largest factor loadings. The temporal variability of each factor score at AI and TF was examined to determine the dominant air mass types and concomitant time periods during ICARTT.
[15] To identify the major circulation patterns during ICARTT associated with the variability of pollutant mixing ratios in the dominant air mass types, the EOF approach [Wilks, 1995] was applied to sea level pressure (SLP). The National Centers for Environmental Prediction (NCEP) Global Final Analysis (FNL) http://dss.ucar.edu/datasets/ ds083.2) 6-hourly SLP data covering the eastern United States were used for the circulation pattern and EOF analyses. SLP was normalized by subtracting the seasonal mean SLP from each single SLP and then dividing by the standard deviation. The EOFs were determined on the correlation matrix of normalized SLP. The leading component represents the most frequent pattern that explains the largest variability in the data set, while subsequent components were determined with the constraint of orthogonality to the precedent ones. The resultant spatial patterns and score matrix were examined to pinpoint their relationships with the dominant air mass types. The eastern United States was selected as the analysis area to acquire a ''big picture'' for the synoptic systems affecting New England. In addition, 4-day back trajectories were calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HY-SPLIT) model [Draxler and Hess, 1998 ] to locate source regions of different air mass types.
General Characteristics of the Key Compounds
[16] Time series of the mixing ratios of CO, C 2 H 4 , propane (C 3 H 8 ), C 7 H 8 , CHBr 3 , and 2-ProNO 2 at AI and TF are presented in Figure 2 . Ethene, C 3 H 6 , C 3 H 8 , C 6 H 6 , C 7 H 8 , and CO tracked each other well; their high levels clearly defined the occurrence of pollution episodes at both locations. In contrast, the temporal trends in alkyl nitrate species exhibited fewer periods of enhanced mixing ratios, but their highest concentrations did coincide with peaks in C 2 H 4 , C 3 H 8 , and C 7 H 8 . It should be noted that C 3 H 8 and C 7 H 8 had higher levels on AI than at TF, which might be due to slightly different source influences combined with a lower boundary layer height on AI than at TF. As expected, the time series of the marine tracers CHBr 3 and CH 2 Br 2 had similar variability and they were present in higher mixing ratios at AI compared to TF.
[17] Figure 3 showed the time series of isoprene (C 5 H 8 ), CH 3 OH, CH 3 COCH 3 and monoterpenes measured at TF. During the whole campaign period CH 3 OH mixing ratios were larger than that of CH 3 COCH 3 and C 5 H 8 , but their temporal variability was quite similar. The diurnal cycles of a-pinene and b-pinene had large daily amplitudes, and their time series showed similar characteristics that were out of phase with those of C 5 H 8 , CH 3 OH, and CH 3 COCH 3 .
[18] Hourly averaged diurnal cycles of several key biogenic and anthropogenic tracers are shown at TF and AI in Figure 4 . At TF, C 2 H 4 , C 3 H 6 , C 7 H 8 , C 6 H 6 , and the four monoterpenes showed pronounced diurnal cycles with peaks mixing ratios occurring at night. The nighttime enhancements at TF result from the stable nocturnal inversion layer that effectively caps the emitted trace gases from the surface leading to their buildup at night with minimal loss via oxidation reactions . In contrast, isoprene, CH 3 OH and CH 3 COCH 3 peaked during the day because of their biogenic origin whose source strength is dependent on temperature and solar radiation [Mao et al., 2006] . At AI, C 2 H 4 , C 3 H 6 , C 7 H 8 , and C 6 H 6 showed similar diurnal cycles to those at TF but with smaller amplitudes, while mixing ratios of C 5 H 8 , CH 3 OH and CH 3 COCH 3 were somewhat flat throughout the day because of a stable marine boundary layer height and reduced biogenic sources.
Factor Loading and Air Mass Classification
Appledore Island
[19] The PCA suggests that at AI, the three most important factors (hereinafter termed as factors 1, 2, and 3) explained 82% of the total variance of the 29 species (Table 2) . Factor 1 represented a combustion signature, as evidenced in the high factor loading (0.8 -0.97) of C 2 H 4 , C 3 H 6 , C 7 H 8 , C 6 H 6 , C 2 H 2 , C 5 H 10 , C 5 H 12 , and C 4 H 10 . The high loading of the short-lived species C 3 H 6 and C 2 H 4 indicate relatively fresh emissions from a nearby urban area such as Portsmouth, New Hampshire (15 km), or highways (Interstate 95), or ships/boats in the Gulf of Maine. Iso-prene, CH 3 OH and CH 3 COCH 3 were also highly loaded (0.60 -0.75) in this factor, indicating a terrestrial biogenic influence in continental outflow that reached AI. The moderate factor loadings of CH 2 Cl 2 and C 2 Cl 4 (0.4 -0.5) suggests the presence of pollutants of industrial origin.
[20] The factor 2 loading was dominated by alky nitrates (0.82-0.95) and industrial solvents (CH 2 Cl 2 , C 2 Cl 4 ) (0.75-0.77). CH 3 Cl and CH 3 Br also had factor loadings of 0.6-0.7), which implied that these photochemically aged air masses were influenced by terrestrial sources and/or anthro- pogenic inputs of these relatively long lived halocarbons. Our analysis cannot distinguish if these two species originated primarily from the ocean or urban pollution. Meteorological analysis was used (section 5) to facilitate our understanding of such issues.
[21] Factor 3 was heavily loaded with CHBr 3 , CH 2 Br 2 , CH 3 SCH 3 , and OCS, suggesting air masses of oceanic origin. The fact that factor 3 was strongly anticorrelated with CH 3 OH and CH 3 COCH 3 suggests that the ocean may be a sink of these two compounds, which is in agreement with the 
Thompson Farm
[22] Four factors were extracted from the data matrix at TF and they accounted for 86% of the variance present in the original data set (Table 3 ). The first factor was a mixture of both biogenic and anthropogenic signatures with loading values of $0.90 for monoterpenes and 0.71 -0.95 for light alkanes and alkenes. This indicates that factor 1 was a combination of combustion and biogenic emissions. The second factor was governed by alkyl nitrates, similar to factor 2 at AI. In factor 3, the predominance of biogenic emissions was indicated by high loadings of C 5 H 8 , CH 3 OH and CH 3 COCH 3 . Factors 1 and 3 together explained 64% of the total variance. The marine tracers CH 2 Br 2 , CHBr 3 , and CH 3 SCH 3 formed an anticorrelated suite in factor 3, suggesting that they may have loaded to another factor. This was confirmed in factor 4, which was heavily loaded with CH 2 Br 2 , CHBr 3 , and CH 2 ClI.
Air Mass Classification and Their Temporal Variability
[23] On the basis of the results from sections 4.1 and 4.2, air mass types were assigned according to the species photochemical lifetimes in those major factors. For both AI and TF, factor 1 was highly loaded with relatively short lived emissions from combustion, including mobile sources. Thus the air mass type for factor 1 is referred to as a recent anthropogenic air mass, despite the fact that for TF it was also loaded with highly reactive monoterpenes. The high loadings of monoterpenes for factor 1 at TF are quite understandable considering the fact that monoterpenes and NMHCs have quite similar diurnal cycles, whereas C 5 H 8 , CH 3 OH and CH 3 COCH 3 are out of phase with them ( Figure 4) . Thus the PCA results show that similar variability in the occurrence of compounds does not necessarily assure that they have a common source.
[24] Factor 2 was heavily loaded with long-lived alkyl nitrates and anthropogenic tracers indicative of photochemically aged and processed air masses. Such air masses traveled over a long distance probably originating from the mid-Atlantic and Midwest urban/industrial areas . To further locate their major source regions, we simulated 96-hour back trajectories during days when factors 1 and 2 were prevalent at AI. Indeed we found that for factor 1, air mass mainly came from over land in the proximity of AI (Figure 5a ), whereas for factor 2 the air mass mainly came from the northeast urban corridor and occasionally the Ohio Valley (Figure 5b ). Thus factor 2 was referred to as an aged/processed anthropogenic air mass of urban-industrial origin. Factor 3 for AI and factor 4 for TF represented air mass from the marine boundary layer and thus were referred to as a recent marine biogenic air mass. Factor 3 at TF is referred to as a terrestrial biogenic air mass, as it bears significant loadings for C 5 H 8 , CH 3 OH, and CH 3 COCH 3 , which have abundant biogenic sources [Guenther et al., 1995; Mao et al., 2006] .
[25] The factor score of each principal component at AI and TF is shown as a function of time in Figure 6 . The time series of factor scores illustrate the temporal variability in the occurrence of various air masses at each site. Comparing information in Figure 6 with that in Figures 2 and 3 , we found that the peak score values of factor 1 at AI (TF) clearly corresponded to high levels of C 2 H 4 at AI (TF), while those of factor 2 corresponded to high level of 2-PrONO 2 at both sites. Factor score for the third component at TF was highly and positively correlated with the mixing ratios of biogenic tracers C 5 H 8 , CH 3 OH and CH 3 COCH 3 . Differences between factor scores, therefore, can be used to identify the dominant air mass type at a specific time. A given time period with a dominance of one specific factor, and hence its corresponding air mass type, was selected when the factor score was equal . Time series of factor scores of the principal components extracted in the PCA for observations at (a) AI (red for factor 1, green for factor 2, and yellow for factor 3) and (b) TF (red for factor 1, green for factor 2, blue for factor 3, and yellow for factor 4). The time periods correspond to intervals when the selected species occurred coincidentally during ICARTT.
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to or greater than one standard deviation. Circulation patterns at the selected time periods were examined to determine the association between meteorological conditions and the dominant air mass type.
[26] At AI, recent anthropogenic air mass and marine biogenic air mass each comprised 16% of the observational period, while aged/processed anthropogenic air mass of urban-industrial origin accounted for 14%. At TF, 19% of the period was governed by recent anthropogenic air mass, 17% by aged/processed air mass of urban-industrial origin, 15% by terrestrial biogenic air mass, and 14% by recent marine biogenic air mass. Overall, 46% of the campaign period at AI and 65% at TF was dominated by a specific air mass type. Over the remaining time period, ambient levels of pollutants were determined by a mixture of different air mass types.
[27] At both TF and AI, nearby emission sources made the largest contribution (58% on AI and 56% at TF) to the total variance (58% on AI and 56% at TF) of the data set, whereas long-distance transport contributed much less (15% on AI and 17% at TF). However, this does not necessarily mean that nearby sources were more important in ambient levels of trace gases than distant upwind sources. In fact, the contribution of nearby emission sources was not strong enough to trigger the occurrence of heavy pollution episodes during the ICARTT study period. However, when long-range transport did have a local impact, strong pollution events were more likely to occur. This feature is illustrated in Figure 7 , which highlights the fact that higher O 3 mixing ratios accompanied the aged/processed anthropogenic air mass influenced time periods. In addition, many of the large spikes in VOCs (Figure 2 ) were also associated with long-range transport.
[28] It is worth noting that 30% of the ICARRT time period on AI was dominated by recent and aged/processed anthropogenic air masses, which is only slightly smaller than that at TF (36%). Similarly, 14% of the time period at TF and 16% at AI was influenced by recent marine biogenic air masses. These two results clearly show the strong impact of continental outflow on the nearshore marine atmosphere, and conversely an important impact of marine emissions at an inland site.
Relationship Between Circulation Patterns and Air Mass Types
Identification of Circulations for Each Air Mass Type
[29] The corresponding circulation pattern was identified for each time period when one specific air mass type was prevalent at TF or AI. Representative circulation patterns for the various air mass types are depicted in Figures 8a -8e , respectively. During the periods when recent anthropogenic air masses dominated, the Atlantic subtropical high was strong and covered the U.S. east coast from Florida to Maine (Figure 8a ). This circulation pattern generates stagnant synoptic conditions in the northeast, leading to buildup of pollution influences from local emissions in a boundary layer with weak ventilation.
[30] Typical circulation patterns that facilitated longdistance transport into New England are presented in Figures 8b and 8c . In the first case a trough was positioned over the Great Lakes in tandem with the subtropical high over the western Atlantic (Figure 8b) . In between, southwesterly flow transported air masses from densely populated and industrial areas of Pennsylvania, New Jersey, New York and the Great Boston area to southern New Hampshire. A second route was established when a strong low disturbance was centered along the U.S. east coast and extended northward over New England (Figure 8c ). The cyclonic flow brought air masses originating from the mid-Atlantic and the southeast out over the Atlantic toward the northeast with subsequent landfall in coastal New Hampshire/Maine/ Massachusetts . This transport scenario was evidenced by the high levels of ozone and alkyl nitrates in the air masses arriving at TF and AI.
[31] The final two circulation patterns shown in Figures 8d and 8e are from time periods when marine tracers were dominant at our study sites. Here a strong subtropical high prevailed over the western Atlantic, while a ridge extended departed from the 5-year mean and was statistically significant at the 90% confidence level. Using O 3 as an indicator of air quality, summer 2004 was relatively ''cleaner'' than the previous 4 years. As presented in section 4.3, air masses from long-range transport commonly trigger the occurrence of high O 3 pollution episodes in New England. To understand whether dynamical processes were a factor in the fewer occurrences of O 3 episodes in summer 2004, the predominant circulation patterns were identified using EOF analysis.
[33] The first six dominant circulation patterns obtained from the EOF analysis explained 63% of the variance for SLP over the ICARTT study period (Figure 9 ). Pattern 1 was a shallow trough moving through northern New England with the North Atlantic Subtropical High (NASH) centered east of 60°W and $30°N. New Hampshire was under the control of northwesterly flow from central Canada. In pattern 2, the NASH shifted to the northeast, with its center located west of 60°W, around 45°N. Coastal New Hampshire was under the influence of easterly southeasterly flow from the Atlantic. In pattern 3, a strong highpressure system covered a large area of the western Atlantic and the eastern United States. The weather was calm with weak surface winds. Pattern 4 was similar to pattern 1, but the trough was much deeper and intruded southward to the mid-Atlantic area. Pattern 5 was characterized by a strong NASH in the southeastern United States with the ridge reaching the New England area. The ridge efficiently blocked flows from the urban-industrial areas of the midAtlantic states to New England. Pattern 6 showed a low trough extending southwest from the northeast United States covering the whole Ohio valley, while NASH controlled the western Atlantic. This was the typical pattern that favored southwesterly flows from areas such as New Jersey and New York to New England.
[34] Compared to previous summers, the subtropical high was much weaker in summer 2004 while the low trough along the east coast was deeper. In addition, the high pressure over the eastern United States was stronger and often extended as far south as the Gulf coast. These characters in circulation patterns suggested cooler, drier, and relatively cleaner air from central Canada brought into the northeast in summer 2004 compared to previous years.
[35] The spatial correlation coefficients (r) between these six patterns as revealed by EOF analysis and the circulation patterns from Figure 8 were calculated (Table 4) . The strongest positive correlations were found between pattern 3 and the circulation from Figure 8a (r = 0.61), and between pattern 6 and the circulation from Figures 8b and 8c (r = 0.7 and 0.6 respectively). This indicates that under circulation pattern 3, air masses with high mixing ratios of pollutants from nearby sources were dominant in New Hampshire, while under circulation pattern 6 air masses with high loadings of alkyl nitrates from long-distance transport dominated. We propose that under influence of pattern 3 the high pressure system controlled the eastern United States resulting in clear weather and calm winds; under pattern 6, the strong pressure gradient between the low trough over the Ohio valley and the subtropical high over the western Atlantic facilitated transport of photochemically aged air from the northeast urban corridor to New Hampshire.
[36] Clearly, patterns 3 and 6 are two synoptic circulation patterns conducive to the occurrence of high levels of either recent or aged/processed anthropogenic VOCs along eastern New England. However, the fact that pattern 3 explained 9% and pattern 6 only 6% of the total variance in SLP implies that these two patterns were not the most representative circulation patterns for summer 2004. In contrast, the most important circulation pattern (pattern 1) was negatively correlated with those shown in Figure 8 . As mentioned previously, pattern 1 indicates that the dominant synoptic circulation pattern during summer 2004 was a trough positioned over the northeast, leaving the coastal New England region often under the control of north-northwesterly flow from central Canada. This is likely the primary reason why summer 2004 was from an air quality standpoint, a ''cleaner'' than average year [White et al., 2007] .
Conclusions
[37] In this study PCA was conducted on chemical data collected at AI and TF during the summer 2004 ICARTT campaign to identify the dominant air mass types, their sources, and temporal variability. The EOF approach was applied to SLP data to pinpoint the most representative circulation patterns and to explore the meteorological processes that contributed to the variability of dominant air masses.
[38] Three major findings emerged from this study. First, three dominant air mass types, i.e., recent anthropogenic, aged/processed of urban-industrial origin, and recent marine biogenic, were identified at TF and AI, and an extra terrestrial biogenic air mass type was also defined for TF. Second, nearby emission sources contributed most significantly to the total variance from the entire data set (58% on AI and 56% at TF), whereas the long-distance transport contributed much less (15% on AI and 17% at TF). However, when air masses were transported from long distances and reached New England, pollution events with high levels of O 3 and other pollutants were likely to dominate. This indicates that air masses from distant sources appeared to be closely associated with the occurrence of pollution episodes in southern New Hampshire in spite of the fact that they only impacted the region periodically. Third, the EOF analysis revealed that the most important circulation pattern was characterized by a trough locating along coastal New England, leaving this area under control of northwesterly flow from central Canada. In contrast, the two major circulation patterns associated with dominance of recent and aged/processed anthropogenic air masses of urban/industrial origin were both less significant in summer 2004. Analysis of synoptic circulation in summer 2004, as compared to previous years 2001, 2002, and 2003, have showed that a weaker subtropical high and a deeper low trough along the east coast contributed to fewer high ozone episodes and a lower seasonal average ozone level. This may be the primary reason why regional air quality in summer 2004 was cleaner than in previous years. This result highlighted the importance of meteorological circulation patterns in determining the air quality in New England.
[39] The major differences between AI and TF was that the terrestrial biogenic emissions were a significant source of VOCs at TF, while at AI the biogenic signals were mixed into continental outflow and were less pronounced. This also reflected the loss of biogenic compounds though oxidation during transport from the continent to AI. It is also worth noting that at the marine site AI, recent and aged/ processed anthropogenic air masses impacted air quality during 30% of the studying period while marine biogenic air masses only accounted for 16%. This is quite similar to the situation found at the inland site TF, where recent and aged/processed anthropogenic air masses dominated 36% of the time while marine biogenic air masses accounted for 14%. These results clearly show strong impacts of continental outflow on the nearshore marine atmosphere and likewise and influence from marine biogenic emissions inland.
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